Aim: Biomarkers can help to identity acute heart failure (AHF) as the cause of symptoms in patients presenting to the emergency department (ED). Older patients may prove a diagnostic challenge due to co-morbidities. Therefore we prospectively investigated the diagnostic performance of N-terminal pro-B-type natriuretic peptide (NT-proBNP) alone or in combination with other biomarkers for AHF upon admission at the ED. Methods: 302 non-surgical patients aged ≥ 70 years were consecutively enrolled upon admission to the ED. In addition to NT-proBNP, mid-regional pro-adrenomedullin (MR-proADM), mid-regional pro-atrial natriuretic peptide (MR-proANP), C-terminal pro-endothelin-1 (CT-proET-1) and ultra-sensitive C-terminal pro-vasopressin (Copeptin-us) were measured at admission. Two cardiologists independently adjudicated the final diagnosis of AHF after reviewing all available baseline data excluding the biomarkers. We assessed changes in C-index, integrated discrimination improvement (IDI), and net reclassification improvement (NRI) for the multimarker approach. Results: AHF was diagnosed in 120 (40%) patients (age 81±6 years, 64 men, 56 women). Adding MR-ADM to NT-proBNP levels improved C-index (0.84 versus 0.81; p=0.045), and yielded IDI (3.3%; p=0.002), NRI (17%, p<0.001) and continuous NRI (33.3%; p=0.002). Adding CT-proET-1 to NT-proBNP levels improved C index (0.86 versus 0.81, p=0.031), and yielded robust IDI (12.4%; p<0.001), NRI (31.3%, p<0.001) and continuous NRI (69.9%; p<0.001). No other dual or triple biomarker combination showed a significant improvement of both C-index and IDI. Conclusion: In older patients presenting to the ED, the addition of CT-proET-1 or MR-proADM to NT-proBNP improves diagnostic accuracy of AHF. Both dual biomarker approaches offer significant risk reclassification improvement over NT-proBNP. 
Introduction
Patients >70 years old constitute an increasing proportion of patients who presenting to the emergency department (ED) for diagnosis of acute heart failure (AHF). The diagnosis of AHF is challenging in older patients because symptoms and signs may be atypical and can be simulated or disguised by comorbid conditions such as chronic obstructive pulmonary disease (COPD), obesity, or chronic venous insufficiency. Moreover, cognitive impairment and hardness of hearing impairs diagnostic work-up. 1, 2 Management of AHF in older patients is associated with diagnostic challenges not adequately addressed in current guidelines. [3] [4] [5] For patients presenting to the ED with acute onset of symptoms, early echocardiography is recommended for suspicion of AHF. Because symptoms or signs of AHF are ambiguous, many older patients with suspected HF who undergo routine echocardiography are not correctly identified. 6 In contrast to heart failure (HF) with reduced ejection fraction (HFrEF) the diagnosis of HF in patients with preserved ejection fraction (HFpEF) is challenging. Potential non-cardiac causes of the older patient's symptoms (such as anemia or COPD) must first be discounted. 4 Echocardiography also does not consistently provide definitive results in the acute care setting due to the difficulties of imaging, particular in the elderly. 2 The diagnosis of AHF ideally requires further accurate, accessible, cost-effective and acceptable evidence of cardiac dysfunction such as measurements of circulating levels of natriuretic peptides. Of note, the diagnostic threshold for the N-terminal part of the precursor of B-type natriuretic peptide (NT-proBNP) increases not only with age -for example due to impaired renal function -but also differs for patients presenting with acute onset or worsening of symptoms at ED presentation and those who present with a more gradual onset of symptoms. 4, 7, 8 To overcome the limitations of NT-proBNP in the diagnosis of AHF, the use of additional innovative biomarkers may be helpful to improve diagnostic discrimination in older patients presenting to the ED. 2 Adrenomedullin (ADM) is a potent vasodilator peptide that is secreted predominantly from vascular endothelial cells. Previous studies have suggested that plasma ADM levels are increased in HF and after myocardial infarction, and are associated with increased risk. 9 Atrial natriuretic peptide (ANP) is a sister peptide to the B-type natriuretic peptide and is diagnostically equivalent to NT-proBNP in HF. Endothelin-1 (ET-1) is a potent vasoconstrictor with elevated plasma levels in HF. Arginine vasopressin (AVP) levels are also known to be elevated in HF and its actions in promoting salt and water retention and as a vasoconstrictor are well documented. 10 Several novel immunoassays for these biomarkers have been developed for the detection of the stable prohormone fragment as a 'mirror' of natural hormone release. 11, 12 New immunoassays can be directed at stable prohormones such as mid regional ADM (MR-proADM), mid regional ANP (MR-proANP), C-terminal pro-Endothelin-1 (CT-proET-1) or ultra-sensitive C-terminal proAVP (Copeptin-us) that are stoichometrically related to synthesis of the biologically active unstable fragment. 13 We investigated whether a multiple biomarker strategy may improve accuracy to diagnose AHF in consecutive older patients presenting to the emergency department. The objective of our study was to assess the value of a multimarker strategy by discrimination and reclassification measures for MR-proADM, MR-proANP, CT-proET-1, and Copeptin-us compared to NT-proBNP alone for the diagnosis of AHF. To assess the incremental value of a multimarker strategy for the diagnosis of AHF, we used NT-proBNP as the base clinical model and calculated: 1) changes in the C index; 2) the integrated discrimination improvement (IDI), which quantifies improvement in diagnostic separation; and 3) the net reclassification improvement (NRI) and continuous NRI, clinically oriented measures of reclassification that considers any correct upwards movement of events (in the new vs. the old model) and any downwards movement of non-events as model improvement, and vice versa. 14, 15 
Methods

Study design and population
From 18 January 2011 to 5 September 2011, we measured NT-proBNP, MR-proADM, MR-proANP, CT-proET-1 and Copeptin-us as part of the routine blood sampling protocol upon admission of all consecutive non-trauma patients aged ≥70 years who were admitted to the emergency department (ED) of a large tertiary care center in Nuremberg, Germany. Exclusion criteria were acute ST-elevation myocardial infarction, planned elective coronary revascularization, hospitalization for unstable angina within the preceding 2 months, coronary-artery bypass grafting or percutaneous transluminal angioplasty within the preceding 3 months. Patients were also excluded if they had renal failure requiring dialysis, trauma with suspected myocardial contusion, life expectancy <6 months, or if they did not consent to providing a blood sample for use by the research team. The study conformed to the principles outlined in the Declaration of Helsinki and was conducted after approval by the Ethics Committee of the Friedrich-Alexander-University. All patients or their guardians provided written informed consent.
Clinical characteristics
All patients underwent a standard clinical workup, including patient history, physical examination, standard 12-lead electrocardiography (ECG), noninvasive blood pressure measurement, and laboratory analyses. The New York Heart Association (NYHA) classification, Barthel index and Charlson co-morbidity index were assessed in all patients. [16] [17] [18] Bedside echocardiography (Vivid S6 cardiovascular ultrasound system, GE Healthcare, Madison, USA) was performed on all patients by an attending cardiologist at the ED. Left ventricular ejection fraction (LVEF) was calculated by Simpson's rule and wall motion severity index using the American Society of Echocardiography 16 segment model. 19 Assessment of left ventricular systolic function allowed sub-classification of preserved (LVEF ≥55%), subnormal (LVEF <45%) or borderline (55%> LVEF ≥45%) LVEF function. Doppler and tissue-Doppler measurements of the longitudinal function of the heart were used to determine left ventricular diastolic dysfunction (LVDD). E/e´ measurements were recorded at both the septum and lateral wall. 20 All other diagnostic and therapeutic procedures were chosen at the discretion of the attending physicians at the ED and other departments.
Adjudicated final diagnosis
To determine the final diagnosis for each patient, two cardiologists (AB and PB) independently reviewed all available medical records of the index hospital stay, including the clinical history findings from the physical examination, results of laboratory tests (excluding NT-proBNP, MR-proADM, MR-proANP, CT-proET-1 and Copeptin-us assays), radiographic studies, ECG, and echocardiography. AHF was diagnosed when typical signs and symptoms in combination with objective evidence of an abnormality of cardiac structure or function at rest based on the definition of the ESC guideline was present. 4 In patients with the adjudicated final diagnosis of AHF, HFpEF was diagnosed in accordance with ESC guideline using echocardiographic and NT-proBNP measurements. Patients whose LVEF was >50% with E/e´ >15, or those with am equivocal E/e´8 -15 but NT-proBNP >220 pg/mL were diagnosed as having HFpEF. 20 Disagreement regarding final classification occurred in 4% of the cases and was resolved by consensus involving a third cardiologist (MC).
Laboratory analysis
Routine laboratory parameters, including high-sensitive cardiac troponin T (hs-cTnT), C-reactive protein, creatinine and N-terminal pro-brain natriuretic peptide (NT-proBNP) were measured immediately after blood withdrawal by standardized methods. Additionally, potassium EDTA plasma samples for MR-proADM, MR-proANP, CT-proET-1, Copeptin-us and Cystatin C measurement were collected at the time of the patient's admission to the ED, centrifuged and frozen at −80°C until they were analyzed in a blinded fashion in one batch at the core laboratory of the Nuremberg Hospital during a secondary laboratory assessment. Laboratory analyses were done without knowledge of clinical presentation.
Cardiac troponin T was measured using the hs-cTnT assay (Roche Diagnostics, Mannheim, Germany) in all patients with electrochemiluminescence immunoassay (ELICA) technology on a cobas e411 system (Roche Diagnostics, Mannheim, Germany). The limit of blank was 0.003 ng/mL and the limit of detection 0.005 ng/mL. The 99th percentile cut-off was 0.014 ng/mL, which was used as the diagnostic cut-off. The coefficient of variation ≤10 % was at 0.013 ng/mL. 21 NT-proBNP was assayed on a cobas e411 system (Roche Diagnostics, Mannheim, Germany) using the Roche NT-proBNP II electrochemiluminescent sandwich assay. The measuring range was 5-35,000 pg/ml. The functional assay sensitivity that is the lowest analytic concentration that can be 22 The limit of detection was 0.9 pmol/L and the measuring range with automatic dilution was from 0.9 to 2000 pmol/L. The assay has a functional assay sensitivity (lowest value with an interassay CV < 20%) < 2.0 pmol/L. Cystatin C, a more precise biomarker of the glomerular filtration rate, was measured using a Dako Cystatin C assay (Dako A/S, Glostrup, Denmark) in potassium EDTA plasma samples by turbidimetry on an AU 640 CC system (Beckman Coulter, Krefeld, Germany). The limit of detection was 0.028 mg/L and the measuring range 0.4 to 8.0 mg/L. The 95th percentile cut-off for individuals >50 years was 1.44 mg/L, which was used as the diagnostic cut-off.
Statistical analysis
Continuous variables are expressed as mean ± standard deviation, or as median (25%/75% quartiles) for skewed variables, and categorical data as absolute numbers and percentages. Categorical variables were compared using the Pearson Chi-Square test, while Student's t-test and analysis of variance or Mann-Whitney U test were used to compare continuous variables. Receiver operating characteristics (ROC) curves were constructed to assess the sensitivity and specificity of NT-proBNP, MR-proADM, MR-proANP, CT-proET-1 and Copeptin-us assays, respectively, and to compare their ability to diagnose AHF. The comparison of areas under the ROC curve (AUC) which is equivalent to the C-indices was performed as recommended by DeLong et al. 23 The increased discriminative value of the biomarkers for diagnosis of AHF was assessed by net reclassification improvement (NRI), the continuous NRI and the integrated discrimination improvement (IDI) as described by Pencina et al. 15 This metric determines the difference in the probability of a patient belonging to pre-defined risk categories before and after the addition of a specific biomarker. Categorization (<5%, 5%-10%, 10%-20%, and >20%) used for the computation of NRI and continuous NRI was based on Butler et al. 24 Reclassification analysis was performed using the investigated biomarkers as continuous variables in a model for the prediction of the reference standard. All models were adjusted for potential confounders such as age and gender. We evaluated reclassification comparing three incremental models: model with NT-proBNP alone (model 1), models with NT-proBNP and one additional biomarker (model 2, compared with model 1), and model with NT-proBNP and two additional biomarkers (model 3, compared with model 2). Bootstrap confidence intervals were computed based on B = 100 bootstrap replicates to adjust for overly optimistic results due to overfitting.
All performed tests were two-sided and a significance level of P<0.05 was considered. All calculations were done with R 25 and IBM SPSS Statistics Version 21.0.0 (IBM Inc., Somers, NY, USA). Evaluation of diagnostic models was performed using the R package DAIM. 26 
Results
Clinical characteristics
We recruited 332 patients who met the inclusion criteria, of whom 30 had one or more of the prespecified exclusion criteria (Figure 1 ). The final population consists of 302 patients with a wide range of cardiovascular and non-cardiovascular comorbid conditions. In this cohort, the reference standard and the index tests NT-proBNP, MR-proADM, MR-proANP, CT-proET-1 and Copeptin-us were analyzed. 
Adjudicated final diagnosis using the reference standard
A final diagnosis of AHF was found in 120 patients (40%). The baseline characteristics of patients with confirmed AHF (n=120) compared to patients without AHF (n=182) were different in respect to some demographic, echocardiographic and laboratory data (see Table 1 and Table 2 ). These patients were admitted to the ED for a variety of reasons such as chest pain, breathlessness, palpitations, lower extremity edema, functional impairment, cognitive impairment and mobility disorders. All patients were hospitalized at the index visit. The cause of HF according to the ESC classification was decompensated chronic HF in 40 (33%), lung edema in 4 (3%), hypertensive HF in 39 (33%), cardiogenic shock in 2 (2%), isolated right ventricular HF in 11 (9%), and acute coronary syndrome and HF in 24 (20%) patients. Most frequent comorbid conditions were a history of heart failure in 107 (59%) patients, COPD in 51 (28%) patients and a history of myocardial infarction in 49 (27%) patients without AHF. In patients with AHF, the most frequent comorbid conditions were a history of heart failure in 116 (97%) patients, diabetes with end organ damage in 56 (47%) patients and a history of myocardial infarction in 54 (45%) patients. Comorbid conditions as reported by the Charlson co-morbidity index were different among patients with or without AHF (5 ± 3 vs. 3 ± 2, respectively; p<0.001; see Table 1 ). The main findings of this study were not changed by a secondary analysis using the Charlson comorbidity index as covariate (data not shown).
Multimarker approach
Using ROC curve analysis in this population, the diagnostic accuracy with MR-proADM and NT-proBNP for AHF, quantified by the areas under the ROC curves (AUC), was significantly higher compared to NT-proBNP (AUC for MR-proADM and NT-proBNP: 0.8356 vs. AUC for NT-proBNP: 0.8103; p=0.045, for comparisons; Figure 2A , 2B). The dual biomarker approach with MR-proADM and NT-proBNP yielded IDI of 3.3%, NRI of 17.0% and continuous NRI of 33.3% (Table 3) . Notably, the diagnostic accuracy with CT-proET-1 and NT-proBNP for AHF was significantly higher compared to NT-proBNP (AUC for CT-proET-1 and NT-proBNP: 0.8597 vs. AUC for NT-proBNP: 0.8103; p=0.031, for comparisons; Figure 2A , 2C). The dual biomarker approach with CT-proET-1 and NT-proBNP yielded robust IDI of 12.4%, NRI of 40.9% and continuous NRI of 69.9% ( Table 3 ). The triple biomarker approach MR-proADM, CT-proET-1, and NT-proBNP did not significantly improve the AUC compared to the dual biomarker strategies (Table 3 ; Figure  2B , 2C, 2D). Neither dual nor triple biomarker combinations with the remaining biomarkers MR-proANP or Copeptin-us significantly improved diagnosis (data not shown). When AHF patients with HFrEF or HFpEF only were investigated, none of the dual or triple biomarker combinations significantly improved diagnosis of AHF compared to NT-proBNP alone (data not shown).
Discussion
This prospective diagnostic study on AHF examined whether a multimarker strategy including MR-proADM, MR-proANP, CT-proET-1, and Copeptin-us may improve diagnostic accuracy compared to NT-proBNP alone. The main results of the study are as follows: (1) Adding MR-ADM to NT-proBNP levels significantly improved diagnosis of AHF in older patients. (2) Adding CT-proET-1 to NT-proBNP levels also significantly improved diagnostic accuracy of AHF in older patients. (3) Both dual biomarker approaches offered significant risk reclassification over NT-proBNP. (4) A triple biomarker compared to a dual biomarker approach did not further improve diagnostic accuracy.
Acute heart failure in the elderly
The prevalence of AHF in our patient cohort (40%) was comparable to findings of recent studies. Hancock et al. found a prevalence of AHF in almost a quarter of older residents in long-term care facilities, while Oudejans et al. reported a prevalence of 46% in older patients admitted to hospital with HF symptoms. 1, 27 The mean age and gender distributions of patients of these studies were comparable to those of our study population. As in our study, the final diagnosis of AHF was adjudicated in those studies by two specialists independently reviewing echocardiography, ECG, and physical findings indicating high quality of analysis. Of note, the Heart Failure in Care Homes (HFinCH) Diagnostic Accuracy Study suggested that up to half of older HF patients were undiagnosed, while three-quarters of patients previously diagnosed with HF had been misclassified. 1 Symptoms and signs might be substantially less clear in older patients compared to younger individuals, and they may be more difficult to detect due to the presence of one or several comorbid conditions. 27
Implication of study findings
Because symptoms and signs have limited diagnostic value in older patients with suspected HF, confirmation of the diagnosis requires objective evidence of structural of functional cardiac dysfunction including echocardiography and measurement of natriuretic peptides, such as NT-proBNP. [27] [28] [29] NT-proBNP is well validated and represents an acknowledged standard for diagnosis of AHF. 4 While a very low concentration of NT-proBNP accurately excludes AHF, optimal cut-off levels for identifying AHF in older patients have not been clearly defined. 13 Combining multiple biomarker in older patients offers Data presented as n (%) of patients, mean ± SD for even variables, or median and 25%/75% quartiles for skewed variables. ACE = angiotensin converting enzyme, AHF = acute heart failure; NYHA = New York Heart Association. All p values are descriptive only. No formal testing is considered. P values describe differences between patients with or without AHF. Data presented as n (%) of patients, mean ± SD for even variables, or median and 25%/75% quartiles for skewed variables. NT-proBNP = N-terminal pro-B-type natriuretic peptide, MR-proADM = mid-regional pro-adrenomedullin, MR-proANP = mid-regional pro-atrial natriuretic peptide, CT-proET-1 = C-terminal pro-endothelin-1, Copeptin-us = ultra-sensitive C-terminal pro-vasopressin, hs-cTnT = high-sensitivity Troponin T. All p values are descriptive only. No formal testing is considered. P values describe differences between patients with or without HF.
the potential to overcome this pitfall. Biomarkers that reflect pathophysiological pathways independent from natriuretic peptides might be more likely to provide incremental clinical benefit than biomarkers which have the same general pathophysiological phenomenon. 2 In this study, NT-proBNP as a biomarker of cardiac dysfunction combined with the potent vasoconstrictor While more accurate risk prediction with these dual biomarker approaches has been achieved, triple biomarker strategies failed due to significant collinearity or overlap within the multimarker panel. Our study lacked the power to perform full subgroup analysis for older patients with HFrEF or HFpEF. Mason et al. recently investigated whether the multimarker panel BNP, NT-proBNP, MR-proANP, MR-proADM, Copeptin and high-sensitivity C-reactive protein detected HFrEF or HFpEF in older people in long-term care. However no single biomarker or any combination adequately balanced rule-in and rule-out for older patients with HFrEF or HFpEF. 31 Measurements of circulating biomarkers are associated with additional costs. It is a matter of concern, whether increased diagnostic costs, which are associated with improved diagnostic accuracy, is cost-effective. Of note, former work on the clinical use of natriuretic peptides on the diagnostic assessment and subsequent management of patients presenting to the ED with acute dyspnea showed that patient care is significantly improved using measurement of natriuretic peptides. In large randomized studies, it has been demonstrated that measurement of natriuretic peptides in addition to standard diagnostic care at that time, was associated with reduced hospitalization rate of affected patients, shortening of in-hospital length of stay, and a decreasing need for echocardiography or other diagnostic resources. 32, 33 Reported cost savings of $474 per patient by the use of NT-proBNP measurement in addition to routine care within 60 days of follow-up. Cost savings were achieved by a reduction of hospitalizations due to rapid rule-out of AHF using NT-proBNP in the ED, and more accurate rule-in of AHF. 32 Comparable data have been reported for the use of BNP. During 360 days of follow-up, $2,604 could be saved per patient. 33 Of interest, rule-in and rule-out of AHF in older patients is ambiguous and challenging due to atypical presentation of AHF in older patients and a wide variation of cut-off levels of natriuretic peptides. In addition, echocardiographic imaging is timeconsuming and challenging in older patients. Thus, it is tempting to speculate that the use of a multimarker approach may reduce overall management costs of older patients with acute dyspnea.
Study limitations
Some limitations of this diagnostic study have to be acknowledged: this study has only a moderate sample size of older patients admitted to the ED for various symptoms. Thus, a generalization of the study results should be done with caution. A validation of the current findings in larger sample size of older patients might be valuable. A definite 'gold standard' for the diagnosis of AHF is lacking and needs consideration of several features including signs and symptoms of HF including evidence for cardiac dysfunction. However, a final adjudicated diagnosis was established considering currently recommended standards supporting the high quality of this analysis. We did not limit our patient cohort to individuals presenting with shortness of breath. This was done to account for the atypical presentation of older patients with acute cardiac disease.
While the C-index and IDI provide indications of whether the new predictive model predicts AHF risk more accurately than the old model, NRI and continuous NRI indicate whether the predicted risks are sufficiently different to warrant a change in clinical decision making. Up to now, there has been no clear answer, as to which values of the statistically-significant NRIs reported in Table 3 indicate a clinically meaningful change in reclassified patients. For the NRI, equal weight is given to patients who are reclassified from the intermediate category to the low category and to patients reclassified from the intermediate to the high category, despite the fact that these changes have different clinical impact. 34 An interventional study in the same patient population with death as an endpoint might Table 3 . C-statistic (AUC), IDI, NRI, and continuous NRI for progressively more complex diagnostic models of AHF adjusted for age and sex in all patients (N=302). Siginicant values are highlighted in bold face.
Model
Compared with model no. MR-proADM = midregional pro adrenomedullin; AUC = area under the curve; IDI = integrated discrimination improvement; NRI = net reclassification improvement. a Risk of AHF at presentation categorized as 0% to less than 5%, 5% to less than 10%, 10% to less than 20%, or 20% or greater.
AUC
help to solve these questions. However, the categorization used for the computation of NRI and continuous NRI in our study has been validated in large data sets for older patients with AHF. 24, 35 
Conclusions
In summary, measurement of biomarkers such as CT-proET-1 or MR-proADM in addition to NT-proBNP significantly improved identification of AHF in consecutive older patients presenting to the ED with a variety of symptoms. Both dual biomarker approaches offered significant risk reclassification over NT-proBNP alone, while a triple marker strategy resulted in no additional advantage.
